New (Ce 0:72 Cu 0:28 ) 100ÀxÀy Al x (Ga,Zn) y bulk metallic glasses (BMGs) with ultra-low glass transition temperatures and large supercooled liquid regions (ÁT x ) were developed. The addition of Al element into Ce-Cu alloys improves significantly glass formation ability (GFA) of the alloys and the maximum value of ÁT x is 63 K. The lowest glass transition temperature (T g ) was found in the (Ce 0:72 Cu 0:28 ) 97:5 Al 2:5 BMG alloy and the value is 326 K. The addition of Ga and Zn elements into Ce-Cu-Al alloys has no obvious role in the decrease of T g . However, T g has a close relation to Ce content and decreases with increasing Ce content. The activation energies of the glass transition are 136 kJÁmol À1 for the (Ce 0:72 Cu 0:28 ) 97:5 Al 2:5 glassy alloy and 145 kJÁmol À1 for the Ce 62:5 Cu 15 Al 12:5 Ni 10 glassy alloys, respectively. The successful fabrication of Cebased BMGs with ultra-low T g and large ÁT x can further extend the potential application of bulk metallic glasses in some special industry fields.
Introduction
In the past fifteen years, many kinds of bulk metallic glass (BMG) alloys have been developed, for example, La-, 1) Mg-, 2, 3) Zr-, 4) Cu-, 5) Fe-, 6) Co-, 7) Ni-, 8, 9) Ti-, 10) Pd-, 11) Nd-, 12) Pr-, 13) Pt-, 14) and so like. Among these BMGs, different base BMGs display completely different properties. For Zr-, Cu-, Ni-, and Ti-based BMGs, 4, 5, [8] [9] [10] these alloys exhibit good mechanical properties, like high fracture strength and high yield strength, and are ideal candidates for structural materials. But, Fe-based BMGs have excellent soft magnetic properties 6) and Nd-based 12) (or Pr-based) 13) BMGs exhibit some hard magnetic properties. Mg-based BMGs 2, 3) are very light and their strengths have also been improved recently, indicating the possibility of good structure materials. Recently, Ce-based BMGs with low glass transition temperature and low crystallization temperature have been formed, 15) even though a kind of La-based BMGs reported in 1989 has been regarded. 1) This gives us a good opportunity to understand the reason for lower T g and to investigate the main reasons for affecting the variation of T g . This also provides us the possibility of finding new Ce-based BMGs with much lower T g . In this paper, we report the results that the content of Ce element is the most important factor of changing T g . The minimum value of T g reaches 326 K for (Ce 0:72 Cu 0:28 ) 97:5 Al 2:5 glassy alloy. This is the lowest T g in all BMG alloys developed in recent years.
Experimental Procedure
Ingots with nominal composition of (Ce 0:72 Cu 0:28 ) 100ÀxÀy -Al x (Ga,Ni) y were prepared by arc melting mixtures of high purity Ce (99.99%), Cu (99.9%), Al (99.9%), and other component elements Ga (99.999%) or Ni (99.9%) under a Tigettered purified Ar atmosphere, respectively. Multi-component (Ce 0:72 Cu 0:28 ) 100ÀxÀy Al x Zn y were prepared by high frequency induction melting a mixture of Ce 72 Cu 28 eutectic alloy, Al metal and Zn metal (99.99%) in a purified Ar atmosphere. Ce-based BMGs in a cylindrical rod form with diameters up to 5 mm were produced by the copper mold casting method. Ce-based glassy ribbons with a cross section of 0:03 Â 1:5 mm 2 were prepared by the melt-spinning technique. The glassy phase was examined by X-ray diffraction (XRD) with Cu K radiation. Thermal stability associated with glass transition, supercooled liquid region and crystallization temperature was examined by differential scanning calorimetry (DSC) in a Seiko DSC 6200 (Exstar 6000, Seiko Instruments Inc.). The activation energies for glass transition and crystallization of Ce-based glassy alloys were calculated by using Kissinger formula 16, 17) at different heating rates (0.083, 0.167, 0.333, 0.5 and 0.667 K/s). The melting and liquidus temperatures were measured by differential thermal analysis (DTA). Figure 1 shows X-ray diffraction patterns of Ce-Cu-AlZn bulk glassy alloys with the diameters of 1-3 mm. Broad peaks are seen in the diffraction patterns, indicating that the alloys consist of a glassy phase basically. Figure 2 
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Temperature (K) Fig. 3(d) . The T m reduces with increasing Al content. From Figs. 3 and 4 , it is organized that T g and T m exhibit an opposite tendency as a function of Al content.
We also try to further decrease T g of the present Ce-based glassy alloys by adding other component metals. It is wellknown that both Ga and Zn elements have the lowest eutectic temperature with Ce element in their binary phase diagrams. We guess that the addition of Ga and Zn elements is effective to further decrease T g of the Ce-based alloys. The T g , T x , T p and ÁT x of Ce-Cu-Al-(Ga,Zn,Ni) glassy alloys are also listed in Table 1 Table 1 ). These results suggest that the additional elements, like Al, Ga, Zn, Ni, are not key factors of reducing T g of Ce-based glassy alloys. It is difficult to decrease T g effectively by adding these elements. By comparing all the present glassy alloys, one can notice that T g has a close relation to Ce content. In the (Ce 0:72 Cu 0:28 ) 100Àx -Al x glassy alloys, T g increases with decreasing Ce content. In the Ce-Cu-Al-(Ga,Zn,Ni) glassy alloys, we can also recognize the similar phenomenon. The dependence of T g on Ce content in the (Ce 0:72 Cu 0:28 ) 100Àx Al x alloys was shown in Fig. 5(a) . We also show the relationship of both T g , T x and T m in Fig. 5(b) . With increasing T m , T g also reduce nonlinearly, demonstrating the existence of an intrinsic relation between T g and T m for the present Ce-based glassy alloys. T g =T m values of Ce-Cu-Al alloys are listed in Table 1 . With the increase in the Al content and the decrease in the Ce content, T g =T m values increase and the glass formation ability of the alloys is improved. The alloys with the higher T g and the lower T m display much larger ÁT x . Actually, the alloys with the lower T m and the higher T g suggests that the alloys have the smaller ÁT gm (ÁT gm ¼ T m {T g ), which means that the melt can avoid the precipitation of the crystallized phases much more effectively and can be formed the glassy phase much more quickly. On the other hand, one can also notice that T x of Ce-based alloys increases with decreasing T m . The much higher T x means that the thermal stability of Ce-based glassy alloys is improved with increasing Al content although the T m of the alloys reduce.
The activation energy of glass transition of the Ce-based glassy alloys can be evaluated by using Kissinger formula, which is originally applied to crystallization study as given by the equation 16, 17) 
Where A is the heating rate, B is a constant, R is the gas constant, T is the crystallization temperature, and E is the effective activation energy of crystallization. Although this equation was originally derived for the crystallization process, a number of research results suggest that this expression is also valid for glass transition and has often been used to evaluate glass transition activation energy (E T g ). 16 -18) Figure 6 shows DSC curves of Ce-based glass alloys at different heating rates. According to the variation of T g with the increase in the heating rates obtained from glassy alloy, the addition of Ni element into Ce-Cu-Al alloys increases T g as well as T x of the alloy. The increase in the T g and T x means that the thermal stability of the glassy alloy is improved. This suggests that the glass transition and crystallization behavior of the glassy phase need much more energy. This is the reason for the much larger E T g and E T x of the Ce 62:5 Cu 15 Al 12:5 Ni 10 glassy alloy.
Conclusion
Ce-based BMGs with ultra-low T g and large ÁT x were prepared successfully. The 
